A Web application was developed to estimate the effects of climate change on agriculture. We chose the northeast and north of Thailand as the target areas of this application, although most countries in the Asian monsoon region are agricultural areas. Northeastern Thailand is a rainfed farming area where rice and drought-tolerant crops are cultivated. Northern Thailand is a mountainous area where several types of vegetables are cultivated. The application identifies and recommends crops that can be grown based on the simulation results of a crop model DSSAT. The DSSAT was executed 365 times; the start date was moved forward one day each time. The effects of climate change were estimated by inputting meteorological data that reflects the influence of climate change. The most favorable start date and the yield are summarized and displayed as output. Application of this system to grid meteorological data required the shortening of execution time and handling a huge volume of data. These problems were solved using multithreading, StAX and Hadoop. The Web application with witch output data were presented was designed based on the assumption that it would be used by a farmer in the field with a 7-inch tablet.
Introduction
The effects of climate change (on air temperature, precipitation, and the length and timing of the rainy season) can greatly affect agriculture. Most countries in the Asian monsoon region are agricultural areas, and the impact of climate change on this region is very significant. Rainfed areas in particular are very vulnerable to extreme weather events, such as floods and droughts. On the other hand, in mountainous areas, it is expected that air temperature changes will be amplified. Moreover, a change in the onset and period of the rainy season will have serious effects on yields and farming plan.
GRENE-ei CAAM Project
A Japanese research project, "Climatic changes and the evaluation of their effects on agriculture in the Asian monsoon region" (CAAM 2012) under the "Green network of excellence -environmental information" (GRENE-ei 2011) program of Japan's Ministry of Education, Culture, Sports, Science and Technology (MEXT) was started in 2011 and will be conducted until 2015. The dual purposes of this project are to improve the reliability of climate prediction (CCR: climate change research) and to develop the information platform needed to design agricultural strategies for adaptating to and mitigating against the predicted climatic changes in the Asia monsoon region (AER: agricultural effect research).
Our purpose for this project is to develop an "evaluation system for major crops in the Asian monsoon region affected by climate changes" that can simulate the growth of major crops in this region. In our research seeking to elucidate the effects of climatic change on agriculture, we chose an area spanning from the northeast to the north of Thailand as our research target area. Northeastern Thailand is a rainfed farming area. The difference in precipitation between this area's rainy season and dry season is quite pronounced. Rice is cultivated during the rainy season, and drought-tolerant crops such as sugarcane and cassava are cultivated during the dry season. Northern Thailand is a mountainous area. Its cooler temperatures allow the cultivation of several types of vegetables that cannot be grown in the plains areas.
Crop Yield Prediction System
We developed the "Simulator for the cultivation possibility of rice" for Data Integration and Analysis System (DIAS) project (Tanaka et al. 2011; DIAS 2010) (Figure 1 ). This system executes the rice model SIMRIW (Horie et al. 1995a (Horie et al. , 1995b ) for a one-degree grid of worldwide data (only for land, about 15,000 points) and shows the cultivation possibility of each variety of rice as predicted yield. Because SIMRIW is a simple rice growth model that can simulate only potential growth, and the grid interval is 100km, it seemed that it is difficult to supply this system to practical use. However, it clarified the problem, such as a large-scale grid execution and a huge number of file treatment that had to be solved when a similar system would be constructed. We developed the "Prediction system to optimize double cropping of rice and cassava" as a concrete application for the GRENE-ei project. We created this system to identify and recommend crops that can be grown during a dry season, and to simulate the effects of climate change in Thailand's farming areas by inputting meteorological data that reflect the influence of climate change.
The structure of the new crop yield prediction system is shown in Figure 2 . There are main three components of the system: (1) A meteorological data acquisition function and a weather data generator that reflects the effects of climate change; (2) crop models and a crop model execution engine that executes them; (3) save, display, and comparison functions for the resulting data. 
Meteorological Data
MetBroker (Laurenson et al. 2002 (Figure 3 ) is used to acquire meteorological data from meteorological databases. MetBroker is mediation software that enables data to be acquired from meteorological databases throughout the world (about 20 databases, 100,000 stations at present) without the need for a complex database access program. The Automated Meteorological Data Acquisition System (AMeDAS, for Japan) and National Oceanic and Atmospheric Administration/World Meteorological Organization (NOAA/WMO, for the rest of the world) can be used as the main meteorological databases. Though solar radiation data are indispensable for predicting crop yields, most databases do not provide them. The Global Dataset of the DR and TR (GD-DRandTR) database was successfully treated with MetBroker to simulate areas all over the world, and it was then possible to acquire air temperature, precipitation, and solar radiation data in a onedegree grid (only for land). Moreover, a sunshine hours -solar radiation conversion model (Masaki et al. 2009 ) is provided as another solution.
Figure 3. MetBroker
To perform an accurate simulation, the solar radiation, air temperature, and precipitation data from a 0.05-degree grid were prepared by the National Institute for Agro-Environmental Sciences (NIAES). These data were generated by the NIAES from actual data observed by the Meteorological Department of Thailand (TMD), the WMO, and the Tropical Rainfall Measuring Mission (TRMM) using a spatial interpolation method as shown in Figure 4 . The meteorological data network might not be maintained because the research target area areas that we chose were mostly in developing countries. Therefore, we provided the data generation function as a Web service. The weather generator can create a series of meteorological data sets that have statistical difference and correspondence between real and generation data to be used by a crop growth model. The service uses Cligen (Nicks et al. 1995) as a meteorological data generator, but can also handle other generators. The data format of the service is XML (for the application) and JSON (for the Web browser).
In addition, the forecast meteorological data generated by Tokyo Metropolitan University (TMU) using the climatic model are used to predict the yield while taking into consideration the influence of climatic change.
Crop Model
The prediction system employs software known as the Decision Support System for Agrotechnology Transfer (DSSAT; Jones et al. 1998 Jones et al. , 2003 to simulate the growth of crops for the following reasons: (1) the Crop Environment Resource Synthesis (CERES; Ritchie et al. 1998) included in DSSAT is often used for simulations of the effects of climate change on crop production (White et al. 2011) ; (2) in our survey of major crop models in Thailand, DSSAT had been applied to several crops because of the enhancement of education to use DSSAT and the maintenance of crops and soil databases; (3) DSSAT has program modules such as rice (Singh et al. 1993) , cassava (Matthews et al. 1994 ) and vegetables, which are crops we are interested in simulating.
The DSSAT simulates phenology and growth processes, including the nitrogen requirements, soil, climate, and management conditions for a specific environment. Therefore, new parameter files customized for a local area, such as species (SPE), cultivar (CUL), ecotype (ECO), and experiment (X), are required when the software is applied to a new area. Whether the crop model can be applied to the user's location depends on the existence of specific parameters. However, most crop models provide only cultivar parameters and experimental data on study locations. Parameters for several of the rice cultivars grown in Thailand are provided in DSSAT because rice is an important crop all over the world. Parameters for the cassava cultivars grown in Thailand have been provided in research theses (Matthews and Hunt 1994; Sarawat et al. 2000; Kaweewong et al. 2013 ) because cassava is a major crop in Thailand. As we do not currently have parameters for vegetables, the default configuration (i.e., cultivar, dates and amounts of fertilizer and irrigation, and soil type) was used to execute the simulation, because local cultivating data were not available.
In the case of the simulator for a single crop of rice (Figure 1 ), the criterion for suitable variety was simply enough only by yield of crop. In the case of the simulator for the double-cropping of rice and cassava, it is necessary to consider the restrictions on the planting period and natural conditions in addition to crop yield as criteria. The evaluation equation needed to optimize double-cropping was determined based on the following conditions to maximize income under the cropping calendar.
 The harvest day for rice occurs before the end of November, because cassava should be planted in December.  A higher rice grain yield is better.  The harvest day of cassava is between May and July.  A higher cassava yield is better. 
Figure 5. Cropping Calendar in Northeastern Thailand

Server-side Application
Crop models are executed in a server PC by the crop model execution engine (center of Figure 2) . The engine is a backbone function for executing a crop model repeatedly with conditions represented by numerical expressions. The engine can execute various crop models using the Java Agricultural Model Framework (JAMF; Tanaka 2006 Tanaka , 2013 . A crop model developed using the Application Program Interface (API) of the JAMF can be treated as an exchangeable program part.
The prediction system executes a crop model 365 times; the start date is moved forward one day each time to identify the best start date (Figure 6 ). The most favorable start date and the yield are summarized and output as XML format files. When double-cropping is simulated, the judgment condition is applied to the results for two kinds of crops.
Figure 6. Execution Method of Crop Yield Prediction
When the number of executions of a crop model was markedly increased by applying grid data to the prediction system, it was necessary to solve three problems. First, it was necessary to shorten the execution time. The time required for one execution is on the order of milliseconds, the time for oneyear's-worth of executions is on the order of tens of seconds, and the time for tens of thousands of grid executions is on the order of days. However, multithreading (Figure 7) , as a technology to execute a process of a flow of two or more processing concurrently to improve an entire processing speed, can shorten the execution time, because the processing for each grid point is independent. The execution time for 12,000 points and 4.3 million executions decreased from 4 days to 1 day when the execution of the crop model was divided into eight threads with a Core i7-860 PC (hyper-threaded quad-core processor). The second problem is how to handle the huge volume of data. The volume of the resulting data increases in proportion to the number of data points. Therefore, the OutOfMemoryError occurs frequently because the large XML data output by the Document Object Model (DOM) consumes a lot of memory. This problem was solved by adopting Streaming API for XML (StAX; Harold 2003), which outputs data as a sequential stream and consumes less memory than DOM.
The third problem is the handling of a huge number of small files. If 10 or more result files that were output at each execution were archived, the number of files becomes huge in proportion to the number of executions. There is no difficulty in displaying the result data because a summary of the results was generated. The problem was revealed at backup. We dealt with this problem by introducing the Hadoop file system.
Result Data Format
DSSAT outputs several types of result data files at each execution. The PlantGro.OUT file stores a summary of the results. The execution condition, the data name of the row, and the daily values of the data are sequentially output in a constant length data format in the file. Because the crop yield is recorded in the last line of a file, the prediction system collects the last lines of the 365 PlantGro.OUT files and outputs them as a growth.dat file. To facilitate the handling of data, the system converts growth.dat into the growth.xml file in the XML format, including meteorological data used during the execution. The XML format data are suitable for handling by a Web application, and can be easily converted into a KML format file to display the data on a map. After execution at all of the points is completed, a file storing the maximum yield of various points is output.
Web Application
A Web application to estimate the effect of climate change on agriculture was developed by combining the crop model system, meteorological data that reflect the influence of climate change, and a Web user interface to display the resulting data as layers on a map. This application was designed based on the assumption that it would be used by a farmer with a 7-inch tablet (Figure 8 ).
In the Web application, a user obtains an output by operating the GUI interface of the screen. This method is suitable when a person uses an application. These Web applications also provide Web API interfaces that make it possible for the result data to be used by other applications. They can output data of several types-including XML, KML, JSON, CSV, Excel book, and HTML table. 
Results
We developed a prediction system to optimize the double-cropping of rice and cassava for GRENE-ei project and prepared the meteorological data for northeastern Thailand. The simulator for the cultivation of rice for the DIAS project used one-degree grid data, shown on the left side of Figure  9 . On the other hand, the prediction system used 0.05-degree higher resolution grid data to perform the simulation, shown on the right side of the figure. The distance between points was decreased to 5 km from 100 km. The 0.05-degree data were calculated by the spatial interpolation method with actual data observed by TMD, WMO and TRMM by NIAES. There are 12,000 points, and the period of the data is 30 years, from 1977 to 2006. NIAES will expand the area for which high resolution meteorological data are provided and expand the period of data from 2007 to the present. Also, TMU will generate forecast data take into account the influence of climatic change. Figure 10 shows the simulation results in a 0.25-degree grid. The relative yields of rice and cassava are shown on the map by color for the case in which rice is transplanted on August 1 and its maximum cultivation period is 4 months, and cassava is planted on December 1 and its harvest date is July 15. In the regions enclosed within the yellow lines, the yields of rice and cassava are greater than in other regions. Because this result is only a simulation created using the crop models with default parameters, it is necessary to verify the result in comparison with actual cultivation data. We plan to try collecting parameters of DSSAT and cultivation data for the application area.
The developed Web application provides detailed prediction of climate change effects on crop timing and yields for the design of the respective agricultural adaptation and mitigation strategies. This can be useful for engineers and administrative officers in each country which will develop the necessary information infrastructure. 
